In both plants and animals, nucleotide-binding (NB) domain and leucine-rich repeat (LRR)-containing proteins (NLR) function as sensors of pathogen-derived molecules and trigger immune responses. Although NLR resistance (R) proteins were first reported as plant immune receptors more than 15 years ago, how these proteins activate downstream defense responses is still unclear. Here we report that the Toll-like/interleukin-1 receptor (TIR)-NB-LRR R protein, suppressor of npr1-1, constitutive 1 (SNC1) functions through its associated protein, Topless-related 1 (TPR1). Knocking out TPR1 and its close homologs compromises immunity mediated by SNC1 and several other TIR-NB-LRR-type R proteins, whereas overexpression of TPR1 constitutively activates SNC1-mediated immune responses. TPR1 functions as a transcriptional corepressor and associates with histone deacetylase 19 in vivo. Among the target genes of TPR1 are Defense no Death 1 (DND1) and Defense no Death 2 (DND2), two known negative regulators of immunity that are repressed during pathogen infection, suggesting that TPR1 activates R protein-mediated immune responses through repression of negative regulators.
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histone deacetylase 19 | plant immunity | Topless | Topless-related 1 P lant resistance (R) proteins play important roles in defense against pathogens. The majority of R proteins contain either a Toll-like/interleukin 1 receptor (TIR) or a coiled coil (CC) domain at their N terminus domain, a central nucleotide-binding (NB) domain, and C-terminal leucine-rich repeats (LRRs). Downstream components for TIR-and CC-NB-LRR R proteins appear to be different. Mutations in enhanced disease susceptibility 1 (EDS1), phytoalexin deficient 4 (PAD4), and senescence-associated gene101 (SAG101) affect the resistance specified by TIR-NB-LRR but not by CC-NB-LRR R proteins (1) (2) (3) . On the other hand, mutations in non-race-specific disease resistance 1 (NDR1) compromise resistance mediated by CC-NB-LRR but not by TIR-NB-LRR R proteins (1, 4) . EDS1, PAD4, and SAG101 encode three related proteins with homology to acyl hydrolases (3, 5, 6) . How these proteins regulate R protein signaling is not clear.
Increasing evidence suggests that certain R proteins accumulate in the nucleus and that the nuclear pools of these R proteins are important for the activation of defense responses (7) (8) (9) (10) . Multiple TIR-NB-LRR R proteins, including nicotiana glutinosa virus resistance protein (N) in tobacco and resistance to Pseudomonas syringae 4 (RPS4) and suppressor of npr1-1, constitutive 1 (SNC1) in Arabidopsis, have been shown to localize to the nucleus, and reduction of the nuclear R protein pool attenuates the activation of downstream defense responses (7) (8) (9) (10) . These findings are consistent with that the nucleocytoplasmic trafficking machinery is required for R protein-mediated immunity (9, 11, 12) . However, the function of these R proteins in the nucleus and whether they participate directly or indirectly in transcriptional regulation of defense genes is unclear.
Despite tremendous progress has been made in explaining how R proteins recognize the cognate antivirulence (Avr) proteins (13), how R proteins trigger the activation of downstream signaling pathways after the recognition of pathogens remains unknown. Here we show that the TIR-NB-LRR R protein SNC1 functions through association with a transcriptional corepressor, Topless-related 1 (TPR1), and its homologs, which also are required for resistance mediated by other TIR-NB-LRR R proteins.
Results
Knockout of TPR1 Partially Suppresses snc1 Mutant Phenotypes.
Arabidopsis SNC1 encodes a TIR-NB-LRR-type R protein. A point mutation in the snc1 mutant leads to auto-activation of the R protein and enhanced disease resistance (14) . An snc1 suppressor screen was carried out previously using fast neutron-treated mutant populations to identify components downstream of R proteins (11) . The phenotypes of some identified suppressors were relatively weak, and it was difficult to map those mutations. To resolve this problem, we generated a transfer DNA (T-DNA) insertional mutant population in the snc1 mutant background and screened for mutants that suppress the defense-associated dwarfism of snc1. One of the mutants, modifier of snc1, 10 (mos10), partially suppresses snc1 mutant phenotypes. The snc1-mos10 double mutant is bigger than snc1 but smaller than wild type (Fig. S1A) . Levels of salicylic acid (SA) in snc1-mos10 are about half those in snc1 (Fig.  S1B) . Also, resistance to a virulent isolate of the oomycete pathogen Hyaloperonospora arabidopsidis (H. a.) Noco2 in snc1 is partially blocked in the double mutant (Fig. S1C) . The expression level of snc1 in the double mutant is comparable to that in snc1, suggesting that mos10 does not affect snc1 expression (Fig. S1D) .
Inverse PCR followed by sequencing revealed that the T-DNA in mos10 resulted in a deletion affecting two genes, At1g80480 and At1g80490 (Fig. S1E) . Transforming a genomic clone of At1g80490, but not At1g80480, into snc1-mos10 reverted the mutant morphology to snc1-like (Fig. 1A) , suggesting that At1g80490 is MOS10. MOS10 encodes a protein with a Lissencephaly type-1-like homology (LisH) domain at the N terminus, a C-terminal to LisH (CTLH) domain, and 12 WD (tryptophanaspartic acid)-40 repeats at the C terminus (Fig. 1B) . It is closely related to Topless (TPL), which mediates auxin-dependent transcriptional repression during embryogenesis (15, 16) . To be consistent with previous literature, the mos10 mutant was renamed topless-related 1 (tpr1).
transformed into Columbia (Col-0) plants, about one third of the transgenic lines displayed a dwarf phenotype similar to snc1. Similar dwarf plants also were obtained when a genomic clone of At1g80490 without a tag was used for transformation. TPR1 expression was found to be elevated in these plants. We analyzed two representative TPR1-HA transgenic lines in more detail. As shown in Fig. 1C , line #3 is dwarf, whereas line #11 displays wildtype morphology. TPR1 transcript levels in line #3 and line #11 are six and two times the levels of TPR1 in wild-type plants, respectively (Fig. 1D) . Analysis of TPR1-HA protein expression using an anti-HA antibody showed that the TPR1-HA level also is considerably higher in line #3 (Fig. S2A) . Real-time RT-PCR showed that both pathogenesis-related 1 (PR1) and pathogenesisrelated 2 (PR2) are constitutively expressed in line #3 but not in line #11 (Fig. 1 E and F) . The total SA level also is much higher in line #3 (Fig. 1G) . Moreover, line #3 displays enhanced resistance to H. a. Noco2 (Fig. 1H) , suggesting that overexpression of TPR1 leads to activation of defense responses.
Constitutive Defense Responses in TPR1-HA Line #3 Are EDS1-and PAD4-Dependent. Mutations in EDS1 or PAD4 can suppress the mutant phenotypes of snc1 (14, 17) . To test whether activation of defense responses in TPR1-HA line #3 requires EDS1 and PAD4, the eds1-2 and pad4-1 mutations were crossed into TPR1-HA line #3. eds1-2 and pad4-1 largely suppress the dwarfism (Fig. S2B) , constitutive PR gene expression ( Fig. S2 C and D) and resistance to H. a. Noco2 (Fig. S2E ) in TPR1-HA line #3, suggesting that the overexpression effect of TPR1 requires functional EDS1 and PAD4.
TPR1 and TPL Function Redundantly in Regulating snc1-Mediated Resistance Responses. Arabidopsis TPR1 and TPL share a remarkable 92% identity and 95% similarity at the amino acid level. To test whether TPR1 and TPL function redundantly in defense signaling, we constructed snc1-tpl double-mutant and snc1-tpr1-tpl triple-mutant lines. Although tpl has only a moderate effect on snc1-morphology dwarfism, the tpr1 and tpl mutations combined lead to almost complete suppression of the snc1 dwarfism ( Fig. 2A) . In addition, the expression levels of PR1 and PR2 and susceptibility to H. a. Noco2 in snc1-tpr1-tpl mutants are comparable to those in wild type ( Fig. 2 B-D) , suggesting that TPR1 and TPL function redundantly in regulating snc1-mediated resistance.
TPR1 and Its Close Homologs Are Required for Basal and R ProteinMediated Resistance. TPR1 and TPL belong to a protein family with five members. They previously were shown to function redundantly in the regulation of apical fate during embryogenesis (15) . The closest homolog of TPR1 and TPL is Topless-related 4 (TPR4), which has 69% identity and 81% similarity to TPL at the amino acid level. To test whether mutations in TPR1, TPL, and TPR4 have an additive effect on pathogen resistance, tpr1-tpl double mutants and tpr1-tpl-tpr4 triple mutants were constructed. When they were infected with Pseudomonas syringae pv. tomato (P.s.t.) DC3000, the double and triple mutants supported higher bacterial growth than wild-type or single-mutant plants, with the triple mutant allowing most bacterial growth (Fig. 2E ).
In addition, growth of P.s.t. DC3000 expressing the effector AvrRps4 (recognized by the TIR-NB-LRR R protein RPS4) but not P.s.t. DC3000 expressing AvrRpt2 [recognized by the CC-type NB-LRR R protein resistance to Pseudomonas syringae 2 (RPS2)] was enhanced in the tpr1-tpl double mutant and tpr1-tpl-tpr4 triple mutant (Fig. 2 F and G). We also inoculated H. a. Cala2 on the mutant plants to test whether resistance to this oomycete pathogen strain mediated by the TIR-NB-LRR R protein resistance to Peronospora parasitica 2 (RPP2) is affected. Although wild-type plants produced discrete hypersensitive-response lesions at the pathogen infection sites, trailing necrosis of plant cells was observed on inoculated tpr1 leaves (Fig. S3 ). In the tpr1-tpl and tpr1-tpl-tpr4 mutant plants, growth of pathogen hyphae beyond the sites of trailing necrosis was observed, suggesting that RPP2-mediated resistance is partially compromised in these mutants (Fig. S3 ). Taken together, these results show that TPR1, TPL, and TPR4 function redundantly in regulating basal defense and resistance mediated by several TIR-NB-LRR-type R proteins.
SNC1 Is Required for the Constitutive Activation of Defense
Responses in the Transgenic Plants Overexpressing TPR1. To identify proteins that function together with TPR1, we mutagenized seeds from the TPR1-HA line #3 (in Col-0 background) with ethyl methanesulfonate (EMS) and screened for mutants suppressing the dwarf phenotype of the transgenic plants. About 40 suppressor mutants were identified from the screen. In attempts to map two of the mutants using F2 progeny from the crosses between the mutants and Landsberg (Ler) ecotype, we found that there is a natural modifier of the overexpression phenotype of TPR1 from Ler that is closely linked to the SNC1 locus. This observation prompted us to test whether SNC1 is required for the overexpression phenotype of TPR1. Sequencing analysis of eight suppressor mutants showed that three of them contain mutations in SNC1 (Fig. S4 A and B) . In these mutants, constitutive PR gene expression also was suppressed ( Fig. S4 C and D) .
To confirm that SNC1 is required for the constitutive defense responses in TPR1-HA line #3, snc1-r1-npr1 (a loss-of-function deletion allele of SNC1) was crossed with TPR1-HA #3 to generate the TPR1-HA #3 snc1-r1 double mutant. As shown in Fig. 3A , the dwarf phenotype of the transgenic line is largely suppressed by the snc1-r1 mutation. In addition, constitutive PR gene expression (Fig. 3 B and C) and enhanced resistance to H.a. Noco2 (Fig. 3D ) in TPR1-HA line #3 are completely suppressed by snc1-r1, suggesting that the overexpression effect of TPR1 requires a functional SNC1.
SNC1 Associates with TPR1 in Vivo. The genetic interaction between SNC1 and TPR1 prompted us to investigate the biochemical interactions between the two proteins. To test whether TPR1 associates with the snc1 mutant protein in vivo, we crossed a snc1-HA transgenic line with a TPR1-GFP transgenic line. Both snc1-HA and TPR1-GFP were expressed under their native promoters. Then coimmunoprecipitation analysis was performed using the F2 plants that carry both transgenes. When total protein extracts of these plants were incubated with anti-GFP magnetic beads to immunoprecipitate the GFP-tagged TPR1 selectively, snc1-HA coimmunoprecipitated with the GFP-tagged TPR1, whereas snc1-HA was not immunoprecipitated from the protein extract of snc1-HA transgenic plants using the same anti-GFP magnetic beads (Fig. 4A) . Similar results were obtained when the nuclear protein extracts were used for the coimmunoprecipitation analysis (Fig. S4E) . These results suggest that TPR1 and snc1 associate with each other in vivo.
The TIR Domain of SNC1 Interacts with TPR1. Recently it was reported that the TIR domains of several TIR-NB-LRR R proteins are sufficient to induce cell death (18) . To test whether the TIR domain of SNC1 interacts with TPR1, we expressed the TIR domain of SNC1 with a GST tag and full-length TPR1 with a 6×His tag in Escherichia coli. Although the GST-tagged TIR domain expressed well, and we were able to obtain large quantity of the protein, the amount of TPR1 expressed in E. coli is very small. We subsequently performed in vitro GST pull-down assays using the E. coli-expressed proteins. As shown in Fig. 4B , TPR1 copurified with the GST-tagged TIR domain but not with GST, suggesting that the TIR domain of SNC1 interacts with TPR1. DC3000 (E), P.s.t. DC3000 AvrRps4 (F), and P.s.t. DC3000 AvrRpt2 (G) on the indicated genotypes. tpr4, SALK_150008. Leaves of 5-wk-old plants were infiltrated with P.s.t. DC3000 (OD 600 = 0.0002) or P.s.t. DC3000 carrying AvrRps4 or AvrRpt2 (OD 600 = 0.001). The bacterial numbers presented are averages of six replicates ± SD. Statistical analyses of the bacterial growth at day 3 were carried out with one-way ANOVA by StatsDirect statistical software (StatsDirect Ltd.). Statistical differences among the samples were labeled with different letters in E and F (P < 0.05). No statistically significant difference was detected for bacterial growth at day 3 for P.s.t. DC3000 AvrRpt2 (G). 
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TPR1 Functions as a Transcriptional Corepressor and Associates with
Histone Deacetylase 19 in Vivo. When constructs expressing the TPR1-GFP or TPR1-HA fusion proteins under its native promoter were transformed into snc1-tpr1-tpl, most transgenic plants displayed snc1 morphology, suggesting that the fusion proteins are functional (Fig. S5 A and B) . Fluorescence microscopy revealed that the fusion protein was localized to the nucleus ( Fig.  S5 C and D) . Previously, TPL was shown to function as a transcriptional corepressor (16) . To test whether TPR1 also serves as a transcriptional corepressor, we used a protoplast transient assay established for studying the transcriptional repression by Aux/ IAA (19) . In this assay, the β-glucuronidase (GUS) reporter gene is driven by the -46 35S promoter containing 2×LexA and 2×Gal4 DNA-binding sites. Activation of the GUS reporter gene is achieved by cotransformation with a 35S-driven transactivator gene encoding a chimeric protein consisting of the LexA DNA-binding domain and the HSV VP16 activation domain (LD-VP16). Cotransformation of TPR1 fused to the Gal4 DNA-binding domain together with the reporter constructs resulted in repression of GUS expression (Fig. 5A) , indicating that TPR1 functions as a transcriptional corepressor.
Arabidopsis histone deacetylase 19 (HDA19) was suggested to function together with TPL in regulating plant developmental processes because some hda19 phenotypes also are observed in the tpl mutant (15) . Knocking out HDA19 also leads to compromised pathogen resistance (20) . These observations prompted us to test whether TPR1 associates with HDA19. To test that possibility, the TPR1-GFP fusion protein was immunoprecipitated from nuclear extracts of TPR1-GFP transgenic plants using a GFP antibody as described above. Endogenous HDA19 was found to be coimmunoprecipitated with the TPR1-GFP protein (Fig. 5B) , suggesting that TPR1 associates with HDA19 in vivo.
Identification of TPR1 Target Genes in Defense Responses. Because TPR1 is a transcriptional corepressor, and loss of TPR1 function results in compromised immunity, its target genes probably are negative regulators that are repressed during immune responses. Crude lysates of E. coli expressing GST-tagged TIR domain of SNC1 (GST-TIR) or GST were mixed with crude lysates of E. coli expressing TPR1 before GST pull-downs. Aliquots of the mixtures (input) and proteins pulled down by GST were subjected to anti-TPR1 immunoblot analysis. GST-TIR and GST were detected by Ponceau staining. The polyclonal anti-TPR1 antibody was generated in rabbit using an N-terminal fragment (amino acid 1-356) of TPR1 expressed in E. coli. The repression of these target genes is most likely EDS1-and PAD4-dependent. To identify defense-related target genes of TPR1, we first analyzed data from microarray experiments used to identify genes with EDS1-and PAD4-dependent expression changes after bacterial pathogen infections (21) . Inoculation of P.s.t. DC3000 AvrRps4 resulted in EDS1-dependent repression of a set of genes. We then tested whether TPR1 is targeted to the promoters of these genes with ChIP using TPR1-HA transgenic plants. Real-time PCR was used to determine whether promoter fragments of selected genes were enriched by ChIP with an HA antibody. TPR1 was recruited to the promoters of 12 of the 48 genes tested (Fig. S7 ), suggesting that these 12 genes probably are direct targets of TPR1. Among the 12 genes identified, Defense no Death 1 (DND1) and Defense no Death 2 (DND2) are known negative regulators of plant innate immunity (22) (23) (24) . ChIP followed by semiquantitative PCR also showed that TPR1 was recruited to the promoters of DND1 and DND2 (Fig. 5C ). To test whether the expression level of TPR1 affects its recruitment to the target promoters, we performed additional ChIP analysis on two different TPR1-HA transgenic lines. TPR1-HA was expressed to a higher level in line #3 than in line #11 (Fig. S2A ). As shown in Fig. 5D , binding of TPR1 to the promoters of DND1 and DND2 was observed clearly in line #3, but not in line #11, suggesting that overexpression of TPR1 leads to increased association of the protein with the target promoters.
The rapid repression of DND1 and DND2 after inoculation with P.s.t. DC3000 AvrRps4 was confirmed further by real-time RT-PCR analysis. As shown in Fig. S8 A and B, this repression relies on functional EDS1. In snc1 and TPR1-HA line #3, repression of DND1 and DND2 is not as clear as the repression by infection with P.s.t. DC3000 AvrRps4 (Fig. S8 C-F) , suggesting that repression of DND1 and DND2 during defense responses may be transient.
Discussion
Our study showed that the transcriptional corepressor TPR1 and its close homologs function as critical regulators of TIR-NB-LRR R protein-mediated resistance. Knocking out TPR1 and its close homolog TPL suppresses the constitutive activation of immune responses in the auto-activated R gene mutant snc1 and compromises resistance mediated by several other TIR-NB-LRR R proteins but not by the CC-NB-LRR R protein RPS2. In addition, overexpression of TPR1 constitutively activates immune responses that are fully dependent on EDS1 and PAD4, further indicating that TPR1 is a regulator of TIR-NB-LRR but not of CC-NB-LRR R protein-mediated immunity.
TPR1 is structurally related to Transducin beta-like protein 1 (TBL1) and its receptor TBLR1, which also contain the N-terminal LisH domain and C-terminal WD-40 repeats. TBL1 and TBLR1 are part of large protein complexes containing the nuclear receptor corepressor (N-CoR), the silencing mediator for retinoic and thyroid receptors (SMRT), and histone deacetylase 3 (HDAC3) that function as corepressors for nuclear receptors such as thyroid hormone receptors and retinoic acid receptors (25, 26) . Our data show that the plant TPR1 complex also contains HDA19. Like TBL1, TPR1 serves as a transcriptional corepressor when it is targeted to the promoter of a reporter gene. Similarly, TPL, the close homolog of TPR1, also functions as a transcriptional corepressor in auxin-dependent transcriptional repression during embryogenesis in Arabidopsis (16) .
From ChIP analysis, we identified DND1, DND2, and several other EDS1-regulated genes as target genes of TPR1. Loss-offunction mutations in either of these genes led to constitutive activation of resistance responses similar to that observed in snc1 or other deregulated R gene mutants (22) (23) (24) 27) , suggesting that transcriptional repression of DND1, DND2, and possibly other negative regulators by TPR1 is a mechanism of activating R protein-mediated immune responses (Fig. 6) .
Both genetic and biochemical evidence suggests that TPR1 and SNC1 function together in a protein complex in the regulation of defense responses. Not only do snc1-mediated defense responses require TPR1 and its homolog TPL, but activation of defense responses in transgenic plants overexpressing TPR1 also requires functional SNC1. A remaining question is how the mutation in snc1 activates TPR1-dependent defense responses. One possibility is that the mutation located in the NL linker in snc1 changes the conformation of the protein and makes its TIR domain more accessible to the binding of TPR1. Increased formation of the TPR1 and SNC1 complex subsequently leads to activation of TPR1 and downstream signaling. Constitutive defense responses observed in transgenic plants overexpressing SNC1 or TPR1 probably also are caused by increased association of TPR1 and SNC1 because of elevated SNC1 or TPR1 protein levels.
The interaction of SNC1 and TPR1 suggests a model (Fig. 6 ) in which SNC1 activates downstream defense responses by modulating the transcriptional repression activity of TPR1, which targets negative regulators of immune responses. Our data suggest that TIR-NB-LRR R proteins participate directly in transcriptional reprogramming of downstream defense genes. Suppression of negative regulators, rather than direct activation of positive regulators, may be the driving force for the initiation of TIR-NB-LRR R protein-mediated immunity.
Methods
Mutant Isolation. The snc1-mos10 mutant was isolated from a T-DNA-mutagenized population consisting of about 60,000 independent T1 transgenic lines generated by transforming snc1 with pSKi015. About 1.2 million T2 plants were analyzed for suppression of snc1 morphology. The tpl and tpr4 mutants were obtained from the Arabidopsis Biological Resource Center. The mos10 (later renamed tpr1) single mutant was obtained by backcrossing snc1-mos10 to Col-0 wild-type plants. The snc1-tpl, snc1-tpr1-tpl, and tpr1-tpl mutant plants were obtained by crossing tpl with snc1-tpr1. The tpr1-tpl -tpr4 triple mutant was obtained by crossing tpr4 with tpr1-tpl. The suppressor mutants of the TPR1 overexpression line were isolated from an EMSmutagenized population.
Complementation of the snc1-mos10 Double Mutant. An 8.6-kb genomic fragment containing At1g80490 was amplified with primers 5′-cggggtaccgaccataatttagttcaggcg-3′and 5′-gaagcaacaagtgacccatc-3′ by PCR from wildtype genomic DNA and cloned into the binary vector pCAMBIA1300 to create pCAMBIA1300-MOS10g. A similar genomic DNA fragment without the stop codon and 3′ UTR was cloned into modified pCAMBIA1305 vectors to obtain pCAMBIA1305-MOS10-HA and pCAMBIA1305-MOS10-GFP for expressing the TPR1 fusion proteins under the control of its own promoter. The plasmids were electroporated into Agrobacterium and subsequently transformed into the snc1-mos10 double mutant by floral dipping (28) . 
